WRKY proteins play important regulatory roles in plant developmental processes such as senescence, trichome initiation and embryo morphogenesis. In strawberry, only FaWRKY1 (Fragaria × ananassa) has been characterized, leaving numerous WRKY genes to be identified and their function characterized. The publication of the draft genome sequence of the strawberry genome allowed us to conduct a genome-wide search for WRKY proteins in Fragaria vesca, and to compare the identified proteins with their homologs in model plants. Fifty-nine FvWRKY genes were identified and annotated from the F. vesca genome. Detailed analysis, including gene classification, annotation, phylogenetic evaluation, conserved motif determination and expression profiling, based on RNA-seq data, were performed on all members of the family. Additionally, the expression patterns of the WRKY genes in different fruit developmental stages were further investigated using qRT-PCR, to provide a foundation for further comparative genomics and functional studies of this important class of transcriptional regulators in strawberry.
Introduction
Members of the WRKY class of transcription factors, which are ubiquitous among higher plants, exhibit sequence-specific DNA-binding and are capable of activating or repressing the transcription of downstream target genes [1] . Proteins in this superfamily contain either one or two highly conserved signature domains of approximately 60 amino acid residues, including the conserved WRKYGQK sequence followed by a zinc finger structure in the C-terminal region [2] . Studies have also shown that the conserved WRKY domain can have slightly longer sequences, such as WRKYGKK and WEKYGQK [3] , or that it can be replaced by WKKY, WKRY, WSKY, WIKY, WRIC, WRMC, WRRY or WVKY. The conservation of the WRKY domain is mirrored by a remarkable conservation of its cognate binding site, the W box (TTGACC/T) [4] [5] [6] . The WRKY domain facilitates binding of the protein to the W box or the SURE (sugar-responsive cis-element) element in the promoter regions of target genes [7, 8] . As described by Eulgem et al. (2000) , WRKY proteins can be divided into three major groups based on both the number of WRKY domains and the specific features of their zinc-finger-like motif: WRKY proteins with two WRKY domains containing a C 2 H 2 zinc-finger motif belong to group I, whereas most proteins with one WRKY domain containing a C 2 H 2 zinc-finger motif belong to group II, which can be further divided into five subgroups (IIa, IIb, IIc, IId and IIe). Generally, the same type of finger motif is characteristic for group I and group II members (C-X 4-5 -C-X 22-23 -H-X 1 -H,). Group III consists of a small number of genes characterized by a single WRKY domain with a C 2 HC zinc-finger motif.
Since the first cDNA encoding a WRKY protein, SPF1, was cloned from sweet potato (Ipomoea batatas) [9] , numerous members of the family have been characterized from several plant species, and they have been found to be involved in various physiological processes under normal growth conditions and under various biotic and abiotic stresses [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . There are at least 72 WRKY family members in Arabidopsis thaliana and at least 109 in rice (Orza sativa). Furthermore, 55 WRKY genes have been identified in the cucumber (Cucumis sativus) genome and 59 putative grapevine (Vitis vinefera) WRKY transcription factors were also identified following a search of various genomic and proteomic grapevine databases [21, 22] . Many of the A. thaliana WRKY proteins appear to be involved in regulating the balance between salicylic acid (SA)-and jasmonic acid (JA)-dependent defense pathways. One example is AtWRKY70, a common regulatory component of SA-and JA-dependent defense signaling, which mediates the cross-talk between these antagonistic pathways and is a positive regulator of R-gene mediated resistance and systemic defense responses [23, 24] . Microarray analyses have revealed that expression of some of the A. thaliana WRKY transcripts is strongly regulated by various abiotic stresses, such as salinity, drought and cold [25, 26] . Moreover, abiotic stresses (salinity, drought and cold) and phytohormone treatments were reported to result in changes in the transcript levels of 54 rice WRKY genes [20] . Finally, WRKY proteins are also known to play important regulatory roles in developmental processes such as senescence, trichome initiation and embryo morphogenesis [27] [28] [29] [30] .
While the WRKY family has been well studied in model experimental plants, such as A. thaliana and rice, less is known about their function and regulation in other species, including those of agronomic or horticultural value. In this study we used as our experimental system F. vesca, the wild strawberry, which is diploid, unlike cultivated strawberry (Fragaria × ananassa) is octoploid. F. vesca therefore has a relatively small (~240 Mb) genome, which has been sequenced, as well as a short life cycle (3.5 to 4 months) and a facile transformation system. These characteristics have resulted in a substantial increase in the number of physiological and molecular studies of this species. In cultivated strawberry, only FaWRKY1 has been characterized to date and it has been shown to be involved in mediating defense responses to the fungus Colletotrichum acutatum. Specifically, the expression of FaWRKY1 is up-regulated in strawberry following C. acutatum infection, treatments with elicitors, and wounding [31] . However, to our knowledge, there are no reported studies of WRKY genes from F. vesca and nothing is known of their potential association with fruit development and ripening. This is of particular interest given that strawberry is not only an economically important cultivated fruit crop, but also a model system for studies of these processes.
In this current study we identified a total of 59 FvWRKY genes from the recently reported F. vesca 'Hawaii 4' genome sequence [32] . We report here the classification, annotation and phylogenetic evaluation of these genes, together with an assessment of conserved motifs and the results of expression profiling of members of the WRKY gene family, based on RNA-seq data.
The expression patterns of WRKY genes in different fruit developmental stages were further investigated using quantitative real-time reverse transcription PCR (qRT-PCR). Our results provide a foundation for further comparative genomics and functional studies of this class of transcriptional regulators in strawberry.
Materials and Methods

Identification of Putative F. vesca WRKY Genes
To generate a comprehensive list of F. vesca WRKY genes, annotated strawberry protein sequences were downloaded from the public databases, F. vesca BioView Gene Model Database (https://strawberry.plantandfood.co.nz/) and Genome Database for Rosaceae (http://www. rosaceae.org/species/fragaria/fragaria_vesca/genome_v2.0.a1). The Arabidopsis WRKY gene family database was obtained from TAIR (The Arabidopsis Information Resource, http://www. arabidopsis.org) and used for comparative analysis.
Gene Structure Construction, Phylogenetic Analysis and Classification of the F. vesca WRKY Family All identified F. vesca WRKY (FvWRKY) genes were classified into different groups based on the AtWRKY classification scheme, and the alignment of FvWRKY and AtWRKY DNA-binding domains was performed using Clustal X 2.147 [33] with default settings. The phylogenetic trees were created using MEGA 5.0 [34] and the neighbor-joining method. Bootstrap values were calculated for 1,000 iterations.
Analysis of the FvWRKY Exon-Intron Structures and Chromosomal Location
The exon-intron organization of the FvWRKY genes and their location on strawberry chromosomes were determined based on information available at the National Centre for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov).
Plant Material and Fruit Pre-Treatments
F.Vesca ('Hawaii 4') were cultivated in growth chamber at 22±1°C in a 13/11 h dark/light photoperiod. Fruit samples were harvested at 18, 24, 30, 36 and 42 DAF (days after flowering). At each developmental stage, ten representative fruits were sampled, snap-frozen in liquid nitrogen and kept at -80°C until further use. For different pre-treatment experiments, two stages (18 and 36 DAF) were selected for sucrose and hormone treatments. The fruits were cut in half longitudinally, and half was used for processing while the other half was used as a control. The hormones used for treatments were indole-3-acetic acid (IAA) and abscisic acid (ABA), each at a concentration of 100 μM and the sucrose concentration used was 50 μM. All experiments were performed at 25°C.
Light Cycler
1 96 SW1.1 Real Time PCR System (Roche), with SYBR-Green (Takara, Dalian, China). The primer sequences used (S1 Table) were designed based on WRKY gene sequences using the Beacon designer software. These sequences were subsequently verified using the BLAST tool at NCBI and a dissociation curve was also analyzed after the PCR reaction to confirm their specificity. Each reaction was carried out in a 10 μL volume, consisting of 5 μL SYBR, 3.5 μL ddH 2 O, 1 μL diluted template (1 μL of the generated first-strand cDNA diluted by 9 μL ddH 2 O) and 0.25 μL of each of two gene specific primers. The following program was used for RT-PCR: 95°C for 10 min followed by 40 cycles at 95°C for 20 s, 54°C for 20 s, 72°C for 20 s. (Fig 1) . One WRKY gene (101290922) could not be conclusively mapped to any chromosome and was renamed FvWRKY59. Chromosome 6, contained the largest number (17) of FvWRKY genes, followed by chromosome 3 and 7, each of which had ten FvWRKY genes. Seven were mapped to chromosome 1 and three to chromosome 4. Chromosomes 2 and 5 had five and six FvWRKY genes, respectively. According to the definition of a gene cluster provided by Holub [36] , twelve FvWRKY genes were present in five clusters, of which two were on each of chromosomes 6 and 7, and one cluster was on chromosome 2 (Fig 1) .
Results
Identification
FvWRKY Exon and Intron Organization
To investigate the structural evolution of the F. vesca WRKY family, the exon-intron patterns were analyzed. The number of introns ranged from one to twenty (Fig 2) , and a large number of genes contained two introns, while eight genes contained three introns and nine contained four introns. The FvWRKY44 and FvWRKY57 genes contained seven introns, FvWRKY2 and FvWRKY13 contained eight introns and FvWRKY26 and FvWRKY35 contained nine introns. FvWRKY43 and FvWRKY55 contained ten and twenty introns, respectively. Two genes contained only one intron and FvWRKY50 had no introns.
The phylogenetic relationship of the FvWRKY proteins was examined by multiple sequence alignment of their WRKY domains, which were highly conserved (S1 Fig) . The intron located in the conserved WRKY domain could be classified as either a R-type intron or a V-type intron. R-type introns are spliced prior to an arginine residue (R), while V-type introns are spliced before a valine residue, located six amino acids after the second cysteine residue of the zinc finger C2H2 motif (S1 Fig) . The V-type intron was observed in the WRKY domains of genes belonging to groups IIa and IIb, whereas the R-type intron was widely distributed amongst all other FvWRKY groups (S1 Fig).
Phylogenetic Analysis, Classification and Motif Analysis of the F. vesca WRKY Gene Family
The distribution of structural domains can provide important insights into the evolution and relationship between highly divergent sequences [36] . Sequence comparisons, as well as phylogenetic and structural analyses showed that the A. thaliana WRKY domains could be classified into four large groups, termed groups I, II, III and IV [2] . Ten of the FvWRKY proteins belong to Group I, members of which contain two complete WRKY domains and a C 2 H 2 -type zinc finger motif (C-X 4 -C-X 22-23 -H-X 1 -H). Ten FvWRKY proteins, each with a single WRKY domain, were assigned to Group III, which is characterized by a C-X 4 -C-X 23 -H-X 1 -C C 2 HC zinc-finger structure. Finally, thirty-four FvWRKY proteins, possessing a single WRKY domain, were assigned to Group II, members of which differ from Group III FvWRKY proteins based on their C 2 H 2 -type zinc-finger structure (C-X 5 -C-X 23 -H-X 1 -H). Group II could be further subdivided into five distinct subgroups with 3, 8, 12, 6 and 7 members, respectively, based on their primary amino-acid sequence (Group IIa, IIb, IIc, IId and IIe). FvWRKY41 exhibited sequence divergence in the unique WRKY domain and so was not classified into any group. FvWRKY55 and FvWRKY57 were classified into Group IV, since they contained only one WRKY domain and a C 2 HC zinc-finger motif, however, they were distinct from other Group III members (Fig 3) . Conserved motifs other than the WRKY domain were detected by visual inspection (S1 Table) . Four members (FvWRKY3, 9, 10 and 29) of Group IId were found to contain the HARF (RTGHARFRR [A/G]P) motif, whose function has not been clearly determined, and a putative leucine zipper structure was detected in FvWRKY11 (Group IIa). The LxxLL co-activator and LxLxLx repressor motifs were found in eight (FvWRKY3, 31, 46, 49, 50, 54, 55 and 57) and thirteen (FvWRKY11, 12, 25, 27, 28, 30, 32, 33, 34, 35, 50 , 55 and 57) proteins, respectively, while FvWRKY50, 55 and 57 were observed to have both active repressor and co-activator motifs (Fig 4) .
As shown in Table 2 , twenty other distinct motifs were identified by the Multiple Expectation Maximization for Motif Elicitation online tool (http://meme-suite.org/tools/meme). The numbers of FvWRKY genes in each subgroup were compared with the corresponding numbers in other plant species, i.e., A. thaliana [37] , rice [38] , grapevine [22] and cucumber [21] ( Table 3) . They were found to be generally similar to the distribution in grapevine, although an clear expansion was detected in Group III.
FvWRKY Expression Profiles in Different Organs and Fruit Developmental Stages
The expression patterns of all the FvWRKY genes were analyzed roots, stems, leaves and fruits of F. vesca 'Hawaii 4' grown under normal conditions. Among the 59 predicted genes, 52 genes were expressed in at least one of the four tissues (Fig 5) . Expression of the other seven genes was not detected by real-time RT-PCR; however, it may be that they are expressed in other organs, only expressed in response to specific biotic or abiotic stresses, or are pseudogenes. We next evaluated the expression of the FvWRKY genes during fruit development and ripening, based on RNA-seq data. Of the 59 predicted genes, 46 showed expression in fruits (Fig 6) , and the expression of FvWRKY1, FvWRKY4, FvWRKY13, FvWRKY14, FvWRKY15, FvWRKY21, FvWRKY46 and FvWRKY47 was up-regulated during fruit development and ripening (Fig 7) . The greatest increase in expression was observed for FvWRKY46 and FvWRKY47 at 42 DAF. Exogenous ABA, IAA and Sucrose Induce Accumulation of FvWRKY
Transcripts in Fruits
We used qRT-PCR analysis to examine the expression of the FvWRKY genes in 18 DAF and 36 DAF fruits in response to exogenous IAA, ABA and sucrose. After IAA treatment, most WRKY genes were expressed in the early stages of fruit development. Thirty-four genes were (Fig 8) . Addition of ABA, which is known to regulate fruit development and ripening [39] , resulted in similar expression patterns as those resulting from the sucrose treatment (Fig 8) . The expression levels of most of the WRKY genes was reduced by the sucrose treatment and expression was only be detected in 18 DAF fruits, while only ten WRKY genes were expressed in 36 DAF fruits and were also induced by sucrose (Fig 8) .
Discussion
Organization of the F. vesca WRKY Gene Family
The size of the F. vesca WRKY gene family (59; genome size 240 Mb) is smaller than those of A. thaliana (72, genome size 125 Mb) and rice (96; genome size 480 Mb). When the number of WRKY genes in the different subgroups was further compared with those of A. thaliana, rice, grapevine, cucumber and F. vesca (Table 3) , we found that the numbers of WRKY genes in Group I, Group IIc and III showed the greatest diferrences between F. vesca and A. thaliana and rice, but that there were similar percentages of genes in Group I of F. vesca, cucumber and grapevine. It has been reported that 80% of the rice WRKY gene loci are located in duplicated regions and that gene duplication events have lead to the generation of new WRKY genes [20] . Compared with cucumber (genome size~367 Mb) [21] and grapevine (genome size~400 Mb) [22] , the size of the WRKY family in F. vesca is similar (55 and 59 WRKY genes in cucumber and grapevine, respectively); however F. vesca contain fewer genes in Group IIc and more in Group III.
The structure of the phylogenetic tree based on an alignment of the WRKY domains of F. vesca and A. thaliana indicated that the 59 FvWRKY proteins can be divided into three major groups (I, II and III) as previously described for other plant species [2] together with one smaller group (IV). Members within the same group or subgroup within group II shared a similar gene structure (intron/exon organization), length and amino-acid motif composition, indicating their close evolutionary relationship. Group I WRKY proteins, with two WRKY domains, constitute approximately 20% of the entire FvWRKY family, which s comparable in size to those of cucumber and grapevine, but smaller than those of A. thaliana and rice (Table 3) . A significant expansion exists in poplar (Populus tremula), where Group I contains approximately 50% of the entire PtWRKY family. The subgroups of Group II in F. vesca, A. thaliana, rice and grapevine are similar in size, except that there is a reduction in Group IIc in F. vesca. In F. vesca, the members of Group IIa and IIb are characterized by the presence of motifs 5 and 6, whereas Group IId contains the HARF sequence (motif 14), as described in A. thaliana [2] . Group III proteins with the C-X 7 -C-X 23 -H-X 1 -H domain pattern, were found to be smaller than in A. thaliana and even more so than in rice, but larger than in grapevine and cucumber. In the phylogenetic tree, group III was most closely related to the large subgroup IIe+d. A search of the Plant Transcription Factor Database showed that the earliest known evolutionary occurrence of group III genes was in the lycophyte, Selaginella moellendorffii. There were also no evidence of any sequenced plant species that contain only members of group I and III but some species have only members of group I and II, such as the moss, Physcomitrella patens [5] . We therefore propose that group III may have evolved from group II, as exemplified by group IIe of strawberry. Gene orthology can provide a starting point for genetic studies that aim to define the function of a candidate gene. In the F. vesca genome, both the FvWRKY55 and FvWRKY57 genes contain the domain pattern that is typical of group III, although it has a motif that is not present in other group III members, so we classified these two WRKY genes into a small group IV (Fig 4) . The biological functions of group IV WRKY genes remain to remains to be determined.
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Gene duplication and divergence events have been suggested to be the main contributors to evolutionary momentum. The current gene duplication analysis indicated that 12 of 59 FvWRKY genes were associated with either tandem or segmental duplication events and three pairs of the WRKY genes (FvWRKY11/FvWRKY12, FvWRKY35/FvWRKY36 and FvWRKY38/ FvWRKY39) appeared to have undergone tandem duplication (Fig 4) . Our data suggest a low frequency of tandem and a high frequency of segmental duplication events exists amongst the FvWRKY genes, which is consistent with results from A. thaliana. It has been noted that segmental duplication may more often be retained due to sub-functionalization, without increasing the likelihood of gene rearrangement.
FvWRKY Genes Involved in Growth and Development
We evaluated the expression patterns of all of the predicted coding members of the FvWRKY family in different strawberry organs at various developmental stages. The data revealed that many of the genes could be grouped together based on their abundant expression in specific organs, possibly reflecting their involvement in a common metabolic and/or developmental process. Indeed, increasing numbers of studies suggest a role for WRKY genes in developmental processes, including seed and trichome development, dormancy and germination, and senescence [7, 30, [40] [41] [42] [43] [44] [45] . The expression analysis revealed that FvWRKY4, 46 and 48 of Group IIc were highly expressed in fruits and that their expression increased during fruit development, suggesting a putative role in the regulation of fruit development and ripening. Involvement of WRKY genes within same group in the same developmental processes has been reported previously in both grapevine and A. thaliana [40, 44, 45] . In A. thaliana, AtWRKY6 (Group IIb), has been shown to be strongly upregulated during leaf senescence and to target a senescence-specific receptor-like kinase (SIRK/FRK1) [46] . Other A. thaliana WRKY genes are also upregulated in the leaf transcriptome during senescence, and AtWRKY53 and AtWRKY70 are known to regulate leaf senescence [47] [48] [49] . In this current study, the expression of only FvWRKY53 and FvWRKY55 (Group III) was detected in leaves, while most genes were expressed in roots and fruits.
Addition of Exogenous ABA, IAA and Sucrose Induces FvWRKY Expression
We investigated the interaction between hormone and metabolite signaling pathways and FvWRKY gene expression patterns in fruit. Almost all the FvWRKY genes were expressed in fruit that had been treated with exogenous ABA and IAA. In early stages of fruit development, most FvWRKY genes were induced by the IAA treatment, but only a few by ABA. Sucrose treatment was seen to inhibit the expression of most FvWRKY genes in fruit. Only the expression of FvWRKY16, FvWRKY31, FvWRKY33 and FvWRKY34 were induced by sucrose in the early stages of fruit development, while the expression of FvWRKY2, FvWRKY21, FvWRKY22, FvWRKY32 and FvWRKY46 was induced by sucrose in later fruit developmental stages. We observed that several FvWRKY genes that were induced by ABA, IAA and sucrose showed the same expression patterns in the late fruit development stage, notably FvWRKY2, FvWRKY22 and FvWRKY46. This suggests that these three FvWRKY may share the ABA, IAA and sucrose signaling network.
Conclusions
In the present study, identified total of 59 F. vesca WRKY genes and characterized their expression profiles in different organs and fruit developmental stages. Among the 59 predicted genes, 52 genes were expressed in at least one of four organs. qRT-PCR analyses were used to assess the expression of FvWRKY genes in 18 DAF and 36 DAF fruits in response to exogenous IAA, ABA and sucrose treatments. This analysis suggested that some FvWRKY genes may operate in the same ABA, IAA and sucrose signaling network. Our results also indicate that positive selection may have driven the functional divergence of duplicated genes during the expansion of group III WRKY genes. Based on the results presented here, we propose that a subset of WRKY proteins contribute to the regulation of strawberry fruit development and ripening.
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